Abstract The pathways and physical mechanisms associated with intrusions of cold, nutrient-rich South Atlantic Central Water (SACW) on the continental shelf of the Esp ırito Santo Basin (ESB), off southeast Brazil (188S-228S), are investigated. To this end, a set of process-oriented, Primitive-Equation (PE) numerical models are used, together with an independent and more complete PE model, available observations and simple theoretical ideas. SACW enters the model ESB shelf mostly through two preferential pathways along the Tubarão Bight (TB, 19.58S-228S). These pathways are found to be locations where an equatorward alongisobath pressure gradient force (PGF y* ) of Oð10 26 m s 22 ) develops in response to steady wind forcing. This equatorward PGF y* is essentially in geostrophic balance, inducing onshore flow across the shelf edge, and most of the shelf proper. The Brazil Current (BC) imparts an additional periodic (in the along-shelf direction) PGF y* on the shelf. The intrinsic pycnocline uplifting effect of the BC in making colder water available at the shelf edge is quantified. The BC also induces local intrusions by inertially overshooting the shelf edge, consistent with estimated Rossby numbers of %0.3-0.5. In addition, the planetary b-effect is related to a background equatorward PGF y* . A modified Arrested Topographic Wave model is shown to be a plausible rationalization for the shelf-wide spreading of the pressure field imparted by the BC at the shelf edge. The deep-ocean processes examined here are found to enhance the onshore transport of SACW, while wind forcing is found to dominate it at leading order.
Introduction
The Esp ırito Santo Basin (ESB) is located in the western South Atlantic, within the Abrolhos-Campos Region (ACR, Figure 1a ) [Castro and Miranda, 1998 ], slightly to the south of the site where the southern branch of the South Equatorial Current (sSEC) bifurcates, originating the Brazil Current (BC). At surface levels (0-200 m), within the domain of the warm and oligotrophic Tropical Water (TW, defined by M emery et al.
[2000] as water with practical salinity higher than 36), the sSEC bifurcation migrates seasonally within the 138S-178S range. At 200 m, within the domain of the cold and nutrient-laden South Atlantic Central Water (SACW, defined by the line connecting the temperature-practical salinity points 58C, 34.3 and 208C, 36.0) , the sSEC bifurcates climatologically at 18.68S, north of the Vit oria-Trindade Ridge (VTR, Figure 1a ) [Stramma and England, 1999; Rodrigues et al., 2007] .
At mesoscales, offshore of the shelfbreak, the ESB is dominated by a rich eddy field. According to Soutelino et al. [2011] , three semipermanent anticyclones occupy the surroundings of the Abrolhos Bank (AB). To the south of the VTR, there is a transient cyclonic perturbation of the BC, known as the Vit oria Eddy [Schmid et al., 1995; Campos, 2006; Arruda et al., 2013] . This scenario reveals a complex deep-ocean circulation in the ESB, which may have important effects on the intrusions of water with higher SACW content on the shelf. Hereafter, SACW will be taken to mean relatively colder and fresher water on the shelf (compared to the warmer and saltier TW).
Coastal waters between the AB and Cape São Tom e are dominated by the influence of the warm and salty TW year-round. In the AB, the TW occupies most of the volume of the continental shelf. To the south of the AB (218S), the influence of the relatively colder and fresher SACW close to the bottom is intermittent. Such influence is most intense in the summer, when a sharp seasonal thermocline is established in response to the penetration of this oceanic water mass on the shelf [Castro and Miranda, 1998 ]. Smith and Sandwell [1997] ). equation numerical model to quantify the upwelling contributions from Ekman transport, Ekman pumping, encroaching of the BC onto the shelf, and cyclonic BC meandering. They found that BC encroaching is generally more effective than cyclonic meanders in driving SACW intrusions within the TB. Aguiar et al. [2014] also point out that coastal Ekman transport divergence is the most effective forcing mechanism around 218S, consistent with the previous findings of Castelão and Barth [2006] and Mazzini and Barth [2013] . However, quantification of the effects of the wind and the BC in terms of momentum balances has not yet been done for the ESB.
This regional overview shows that much remains to be learned on the SACW intrusion processes within the ESB. The aim of this study is to answer the following questions:
1. Are there preferential pathways for SACW penetration on the ESB shelf? 2. What physical mechanisms drive the subtidal cross-isobath circulation on the ESB shelf? Specifically, what are the individual and combined effects of bottom topography, wind-forcing, and the Brazil Current? What is the along-isobath momentum balance on the continental shelf?
The approach chosen consists of analyses of a set of process-oriented experiments done with a simplified primitive-equation numerical model, supported by analyses of an independent, more complete numerical model and available observations. We first describe the data sets in section 2 and the numerical models in section 3. Next, in section 4, we analyze the pathways through which SACW may enter the ESB shelf. We then address the dynamics linked to the intrusion process in section 5, and attempt to isolate and rationalize some of the physical mechanisms involved in section 6. We conclude by summarizing the primary results and presenting conclusions in section 7.
Data Sets

In Situ Quasi-Synoptic Data
The in situ data used in this study come from five quasi-synoptic oceanographic cruises: Abrolhos 1 ( September, 2004) , Abrolhos 2 (March, 2005) , PRO-ABROLHOS (September, 2007) , AMBES-09 (October, 2012) , and AMBES-10 (May, 2013) . Hereafter we will refer to these surveys as SEP04, MAR05, SEP07, OCT12, and MAY13, respectively. Surveys SEP04, MAR05, and SEP07 were carried out on the R/V Prof. Wladimir Besnard, while surveys OCT12 and MAY13 were carried out on the R/V Seward Johnson. The geographic distribution of the Conductivity, Temperature and Depth (CTD) stations of each survey is shown in Figure 1b . Hydrographic data from the CTD casts were processed following standard procedures [e.g., McTaggart et al., 2010] .
Climatological Hydrographic Data
Climatological data from the World Ocean Atlas 2013 (WOA13) were used in the elaboration of the initial conditions of the process-oriented numerical experiments. The fields used in this study are the Temperature [Locarnini et al., 2013] and Salinity [Zweng et al., 2013] austral summer distributions, objectively analyzed to a 0.258 grid with 102 vertical levels.
Satellite Data
Satellite data were used to characterize the wind regime in the ESB and to map the mean Sea Surface Temperature (SST) signal of the coastal upwelling plume. Daily, 25 km resolution wind stress data were derived from the Multiple-Satellite Blended Sea Surface Winds product, made available by the National Oceanic and Atmospheric Administration (NOAA) [Zhang et al., 2006] . The 4 km resolution summer SST climatology was derived from the Pathfinder Project (version 5.0) data, also made available by NOAA [Casey et al., 2010] .
Numerical Models
Process-Oriented Experiments
In this study, we chose a process-oriented approach, in which the responses of the system to different forcing scenarios are diagnosed and compared. A set of semi-idealized numerical experiments was designed to investigate the individual and combined effects of bottom topography, wind forcing, and deep-ocean forcing. Here, deep-ocean forcing refers to the effects of the climatological BC jet. Specifically, we performed In this framework, we compared a BC-free scenario (flat stratification) with a scenario where the stratification is in thermal wind balance with an idealized BC jet (as described in the next section). The comparison of the model results in both scenarios provided insight on the role of the mean baroclinic signal of the BC, i.e., the intrinsic uplifting of isopycnals linked to the geostrophic shear of the current, and other effects related to the interaction of the BC flow with the continental shelf. Table 1 summarizes the set of process-oriented experiments performed.
Each experiment was run for 21 local inertial periods (one local inertial period %34 h), or %30 days. Instantaneous outputs were averaged over half an inertial period. In the following sections, the model fields described are time averages of the entire 30 day simulation, unless otherwise noted. The rationale for this choice is that experiments with the BC develop energetic instabilities along the continental slope, therefore introducing unwanted time-dependent features on the instantaneous fields. This effect was minimized by averaging over the first 30 days of the simulation. The choice of averaging over this amount of time was motivated by the fact that, in runs where the idealized BC is present, the shelf-averaged horizontal kinetic energy completes approximately two periods in 30 days (not shown). For consistency in the comparisons performed in the following sections, all runs were therefore averaged over 30 days. The fact that the 30 day averaged model fields in runs EXP-smoo-1,2,3 do not differ significantly from the fields averaged over the last 15 days (not shown) further supports the point that the 30 day averaged model fields are representative of both the fully developed wind-driven circulation and the mean BC jet.
Numerical and Parametric Modeling Setup
Our process-oriented experiments are implemented with the Regional Ocean Modeling System (ROMS) [Shchepetkin and McWilliams, 2005] , which has already been successfully used for the ESB [e.g., Soutelino et al., 2013] . ROMS is a free-surface, terrain-following coordinate model that solves the primitive equations of motion under the Boussinesq and hydrostatic approximations.
The horizontal grid is rectangular (spanning the 41.68W-36.18W, 23.38S-18.28S longitude-latitude box) and has an average resolution of %930 m. The western boundary is closed and the eastern, southern, and northern boundaries are open. Different forms of radiation/nudging boundary conditions are used for the tracers and barotropic/baroclinic velocity components. Harmonic (i.e., Laplacian) lateral mixing is used for momentum and tracers. Momentum is mixed along S-surfaces and tracers are mixed along geopotential surfaces. A sponge layer with %15 grid points was used at the open boundaries, where the horizontal viscosity coefficient A H was linearly ramped from its interior value of 10 m 2 s 21 to 100 m 2 s 21 at the open boundaries. The vertical viscosity coefficient A V is found at each time step with the Mellor-Yamada level-2.5 turbulent closure scheme [e.g., Wijesekera et al., 2003] . Bottom stress was parameterized using a quadratic bottom drag law, with a canonical value of C D 53310 23 for the bottom resistance coefficient.
The form of the vertical stretching curve was chosen such that the spacing of the 50 vertical S-levels was no coarser than 45 m. Bottom topography from an updated version of the Smith and Sandwell [1997] data set (SRTM30-plus) is used. The 30 arc second raw topography data were linearly interpolated to the model grid, and capped at 1200 m. The topography was then smoothed with a Hanning window.
The stretching curve, the number of vertical levels, the amount of smoothing applied, and the maximum model depth were chosen to bring the spurious velocities produced by the Horizontal Pressure Gradient Errors (HPGEs) to a tolerable level, while maintaining a reasonable computational cost and retaining desired morphological features. The optimal combination of grid parameters was that which minimized the quantities Dh=h [Beckmann and Haidvogel, 1993] and Dz=z [Haney, 1991] . These ratios quantify the hydrostatic consistency of the grid, by means of the maximum steepness of the bottom topography and S-surfaces, respectively. Dh=h ðh i 2h i21 Þ=ðh i 1h i21 Þ, where h is the depth of a grid cell and i is an index in either horizontal direction. Dz=z ðz i;k 2z i21;k 1z i;k21 2z i21;k21 Þ=ðz i;k 1z i21;k 2z i;k21 2z i21;k21 Þ is like a threedimensional version of Dh=h. The final value of each of these parameters is the absolute maximum found after iterating over all grid cells in both horizontal directions.
The effects of the VTR and the smaller-scale topographic features on the continental shelf were examined using two separate grids, different only with respect to bottom topography. On the first grid (Figure 2a ), the topography underwent the least possible smoothing, with the single purpose of decreasing the HPGEs. On the second grid (Figure 2b ), the VTR was totally removed, and the topography was further smoothed to filter out the smaller-scale topographic features of the continental margin.
Flat-Stratification Initial Condition
In order to address the isolated response of the system to wind forcing, we must first study a BC-free scenario. The flat-stratification field used as initial condition for the BC-free experiments was derived from the WOA13 temperature and salinity fields. First, the summer climatological profiles shallower than 200 m were averaged together over the ESB (228S-188S), to produce a rough representation of the mean summer stratification on the continental shelf. Then, a rectangular area to the south of the VTR and away from the shelf edge was chosen to produce a second pair of spatially averaged T-S profiles, meant to represent the deepocean stratification. The distance to the shelf edge was chosen to be 10 first-mode baroclinic radii of deformation (L d ), with L d % 40 km [Houry et al., 1987] . This choice was meant to represent an ocean approximately at rest, where the stratification is not perturbed by the thermal wind signal of a western boundary current. The shallow and deep profiles were then merged smoothly and interpolated to the vertical model grid at all horizontal grid points.
Brazil Current Parameterization
The BC jet is parameterized using the Feature-Oriented Regional Modeling System (FORMS) [Gangopadhyay and Robinson, 2002] technique. In FORMS, the water mass and velocity structures of regional synoptic features (e.g., fronts or eddies) are parameterized analytically, using parameters that are based on observations of these features.
Within the FORMS framework, we chose the velocity-based backward approach [Lozano et al., 1996; Gangopadhyay and Robinson, 2002] . This approach consists of parameterizing the velocity field of the ON OCEANIC WATER INTRUSIONS OFF BRAZILchosen synoptic feature, and then deriving the tracer fields from it. The BC jet structure was parameterized as a surface-intensified, isobath-following Gaussian jet, using the formulation of Soutelino et al. [2013] . The mass structure (i.e., the temperature and salinity fields) was then calculated from the velocity field assuming that the BC jet is in thermal wind balance with the density field. Details of this methodology are found in Soutelino et al. [2013] .
The parameters chosen for the model BC jet are intended to represent the observed core velocity, volume transport, and geometry (width and vertical extent) of the BC within the ESB [e.g., Miranda and Castro, 1982; Evans et al., 1983; Stramma et al., 1990; Rodrigues et al., 2007; Silveira et al., 2008; Arruda et al., 2013] . The transport (core velocity) is 25.1 Sv (250 cm s
21
). The Gaussian width (depth) of the jet is 80 km (150 m). In a separate set of experiments designed to address the response of the shelf circulation to the BC intensity, the core velocity varies from 220 cm s 21 to 270 cm s 21 in 25 cm s 21 steps.
Mass conservation is enforced by prescribing an outflow at the southern boundary that is equivalent to the inflow at the northern boundary, and no flow through the eastern boundary. The Intermediate Western Boundary Current jet, whose core lies typically at about 800 m [e.g., Boebel et al., 1999; Legeais et al., 2013] is not considered, under the assumption that it is not a relevant direct forcing of the intrusions of SACW onto the continental shelf.
Model Wind Forcing
The steady wind forcing employed in the numerical experiments was spatially uniform and upwellingfavorable (southwestward). The wind stress was linearly ramped to its full magnitude (0.072 N m
22
) over an inertial period. The magnitude of the wind forcing was chosen based on the mean summer (January-March) along-shelf component of the wind stress (s sy , parallel to the %240.5 coastline tilt), averaged over the TB shelf area. The s sy series was derived from the time average of the 1988-2013 daily scatterometer data set, considering only upwelling-favorable (i.e., s sy < 0) snapshots. The wind stress vectors s 5ðs sx Þx1ðs sy Þŷ was derived from the wind velocity vectorŨ5ðU
x Þx1ðU y Þŷ 10 m above the sea surface using the standard bulk formulas5q a C Da jjŨjjŨ, where q a 51:226 kg m 23 is the air density and (x;ŷ) are the unit vectors in the crossshelf and along-shelf directions, respectively. The drag coefficient C Da was parameterized using the traditional formula from Large and Pond [1981] , modified for low wind speeds according to Trenberth et al. [1990] .
Realistic Experiment
As an independent source of comparison for the simplified process-oriented experiments, we complement the available observations with outputs from a regional, nested implementation of the Hybrid Coordinate Ocean Model (HYCOM), originally analyzed by Arruda et al. [2013] . First, a coarser (18/4 horizontal resolution) parent simulation was run for the entire Atlantic Basin (658S-608N) from 1948 through 2009, initialized with climatological fields and forced with monthly means of atmospheric reanalysis fields. Next, a finer (18/24 horizontal resolution) child simulation for the western South Atlantic region (548W-328W and 348S-128S) was run from 2004 through 2009, forced with the same atmospheric products as the parent simulation and with lateral boundary conditions derived from the parent simulation fields. For details, the reader is referred to Arruda et al. [2013] .
South Atlantic Central Water Intrusion Pathways
In this section, we examine the pathways through which SACW may enter the ESB shelf. We begin with simple analyses of the hydrographic observations, and then seek more detailed evidence in the processoriented and realistic numerical solutions.
Observational Setting
One of the striking features of the ESB is seasonal coastal upwelling. This process is relevant to the present study because it is well-known that the cold water that outcrops during coastal upwelling events has relatively higher SACW content. Therefore, investigating the surfacing of the thermocline in the ESB is likely to provide insight on the intrusion processes we are ultimately concerned with.
Satellite-derived SST images found in previous studies reveal a SST minimum on the shelf centered at %218S, which is most intense during summer [e.g., Mazzini and Barth, 2013, their Figure 5 ]. The summer SST climatology derived from the Pathfinder v5.0 fields (Figure 3a ) supports these observations, depicting a temperature minimum area (%24.58C) on the shelf originating at %19.58S. This climatological coastal upwelling plume widens downstream, and reaches the shelf edge at %218S.
The wind regime is, on average, strongly upwelling-favorable. Considering the time series derived from the daily scatterometer data set, the along-shelf component of the wind stress vector s sy was upwellingfavorable 80% of the time in the period 1 January 2002 to 9 February 2013. This result highlights the likely The question of how the SACW gets to the coast before outcropping then arises. Does it penetrate on the shelf locally or upstream (north) of the SST minimum? As a first attempt to address this question, a simple analysis of the near-bottom temperature was done, as the cold SACW signal is observed mostly in the lower half of the water column, and is bottom intensified. Figure 3c shows a map of near-bottom temperature, indicating stations where SACW was observed. Based on the knowledge that during upwelling events in the ESB the average SST is %218C [Castro et al., 2006] , this isotherm was chosen as a tracer for SACW. In four of the five synoptic cruises analyzed, SACW was observed in at least one of the stations shallower than 100 m of every transect occupied between 19.58S and 21.58S. The only exception was the MAY13 survey, when no water colder than 22.38C was observed inshore of the 100 m isobath (Figure 3b ). In the surveys analyzed, SACW was not observed north of 19.258S ( Figure 3c ). The lowest temperature measured on the shelf was 16.48C, around the 50 m isobath at the southernmost transect of the OCT12 survey. Evidently, this result does not mean that SACW never enters the shelf north of 19.258S. Rather, it suggests that intrusion events tend to be more common to the south of the VTR, all along the TB and the southern flank of the wide AB. Figure 3b highlights the typical water mass structure on the ESB shelf. Warm and salty TW in the mixed layer interfaces with cold and fresh SACW advected onshore from the oceanic pycnocline, with little evidence of a modified (fresher) coastal water mass. This stresses the point made in the previous paragraph, as the water with highest SACW content (coldest and freshest) is observed to the south of the VTR rather than to the north of it.
The scattered Temperature-Salinity (T-S) diagram in
The cross-shelf structure of the temperature field in the ESB (Figure 3d ) reveals the well-known presence of the BC jet. The thermocline and the pycnocline are uplifted near the shelf edge, and a layer of relatively cold, fresh, and dense water occupies the shelf. There is a variety of physical mechanisms related to the BC that may play a role in the intrusions of SACW. Perhaps the simplest of those is the fact that colder branches of SACW are available at the shelf edge simply due to the presence of the BC there. It will be argued that this uplifting of the main thermocline is a key mechanism in setting the properties of the upwelling source water, as previously pointed out for nearby upwelling systems, namely the Cape São Tom e (228S) [Pal oczy et al., 2014] and Cape Frio (238S) [Cerda and Castro, 2014] areas.
Buoyancy Arrest and Frictional Spin-Down Predictions
If along-shelf scales are much larger than cross-shelf scales, the nature of the response of the shelf circulation to low-frequency wind forcing is expected to be dominated by the barotropic mode when the quantity S 2 5 a 2 N 2 =f 2 (where a, N, and f are representative values for the bottom slope, buoyancy frequency, and Coriolis parameter, respectively) is small [Clarke and Brink, 1985] . Furthermore, fluctuations in the wind-driven flow at the shelf edge are expected to be negligible compared to fluctuations near the coast when S5aN=f is small, meaning that the entire wind-driven flow is trapped within the shelf and has little effect on the circulation in the shelf edge area [Clarke and Brink, 1985] . It is therefore insightful to estimate S from the CTD data. [Clarke and Brink, 1985] . The response to low-frequency wind forcing in the TB shelf is not expected, however, to be as baroclinic as in regions similar to the Peruvian shelf (S 2 51:10 2 2.25) [Clarke and Brink, 1985; Lentz and Chapman, 2004] . Buoyancy arrest also depends on S. In a stratified, sloping bottom Ekman layer, cross-shelf buoyancy advection produces a horizontal density gradient, which brings the near-bottom along-shelf velocity (hence along-shelf bottom stress) to rest through thermal wind shear. The absence of bottom stress implies no bottom Ekman transport. This mechanism is known as buoyancy arrest [e.g., Garrett et al., 1993; Brink and Lentz, 2010] . A rough estimate of the timescale T buoyancy over which this phenomenon is expected to occur is given by the quantity ðS 2 f Þ 21 [Garrett et al., 1993] . For the five data sets considered here, T buoyancy varies from 55
to 7 h, with a mean value of 15 h. This suggests that buoyancy arrest is more effective during stronger SACW intrusion events, when the shelf-averaged N 2 is higher, causing T buoyancy to be shorter. However, a more thorough examination of the potential importance of buoyancy arrest would have to account for its along-shelf scale [Brink, 2012] .
Alternatively, the wind-driven flow may simply undergo frictional adjustment before buoyancy arrest takes place. A first estimate of the frictional adjustment timescale T friction is given by the quantity H/r [e.g., Brink, 1998 ], where H is the local depth and r is a linear bottom resistance coefficient. Assuming a canonical value of 3310 24 m s 21 for r, T friction is 65 h at the 70 m isobath, and 19 h at the 20 m isobath. Compared to the 7-55 h estimated range for T buoyancy , it seems that a combination of buoyancy and friction-induced adjustment of the flow should be expected, with the buoyancy effects possibly being more important during stronger SACW intrusion events. For comparison, typical velocity adjustment timescales found in the model results just inshore of the 70 m isobath within the TB (i.e., the approximately straight part of the shelf) are 2-3 days.
Model Kinematics of SACW Intrusions
While the synoptic observations discussed in the previous section yield some insight on the SACW intrusions, a more detailed examination of the pathways and physical mechanisms involved require a numerical approach. We start by looking at the passive tracer (dye) fields from the process-oriented numerical experiments.
Passive Tracer Distributions
The dye fields were initialized by setting the dye concentration (in kg m 23 ) to be numerically equal to the local depth (in meters) at each grid point. Figure 4 presents snapshots of horizontal distributions of the fractional thickness of the layer occupied by water initially offshore of the 70 m isobath (approximately the shelfbreak depth). In other words, it shows the thickness of the layer occupied by water with dye concentration equal to or greater than 70, divided by the local depth. Figure 4 shows that slope water penetrates the model shelf mostly within the TB. While this does not imply that the TB shelf is the only possible slope water intrusion location, the agreement with the observations (see bottom temperature map, Figure 3c ) suggests that it is the most frequent. This intrusion area is active under all forcing scenarios (wind-only, BC-only, and wind1BC), although clearly only wind forcing is capable of driving slope water all the way to the inner shelf. The rough topography scenarios show more irregular distributions, similar to their smooth topography counterparts only with respect to the overall intrusion locations at the shelf edge. There seems to be a weaker intrusion spot on the southern flank of the AB, which is more evident in the wind-driven rough topography scenarios (Figures 4b and 4d ). This suggests that some kind of local mean flow-topography interaction process could be relevant there, in addition to the tidal flow-topography interaction mechanisms suggested by Pereira et al. [2005] . For simplicity, we discuss only the smooth topography experiments in the following sections.
Unlike the wind-driven intrusions, the BC-driven intrusions occupy the entire water column around the shelf edge area, and are therefore likely to cause TW to penetrate the outer shelf along with SACW in certain parts of the TB. This point is demonstrated by the slope water layer thickness distributions in the BC-only scenarios, which are equal to the local depth near the shelfbreak (Figures 4e and 4f ). In contrast, the winddriven experiments show bottom-intensified SACW intrusions that reach farther onshore on the TB shelf, followed by a top-bottom slope water layer within the coastal upwelling plume (Figures 4a-4d ).
Velocity and Temperature Distributions
The surface and near-bottom temperature and velocity distributions from EXP-smoo-1 (wind-only) and EXPsmoo-3 (wind1BC) are shown in Figures 5a-5d. The main difference is that EXP-smoo-3 produces colder SACW intrusions (%18C colder), that penetrate farther inshore at the three areas indicated in Figures 5b and 5d. Both EXP-smoo-1 and EXP-smoo-3 realistically reproduce the shape of the coastal upwelling plume, compared to the observed climatological SST pattern (Figure 3a) . The near-bottom temperature and velocity distributions from the process-oriented ROMS experiments reveal two major pathways of SACW intrusion within the TB and one in the southern flank of the AB (Figures  5b and 5d ). The realistic HYCOM simulation has a coarser horizontal resolution (%4.5 km) than the processoriented experiments, and therefore is not expected to represent the coastal circulation as well as the deep-ocean circulation (details on the model verification are found in Arruda et al. [2013] ). Despite this shows an example).
Journal of Geophysical Research: Oceans
The model temperature and cross-isobath velocity vertical structures along the TB shelfbreak are consistent with the dye distributions, in that the onshore flow occupies the lower half of the water column in the wind-driven scenarios, but spreads throughout the water column and is surface-intensified in EXP-smoo-2 (BC-only, Figures 6 and 7). The maximum onshore velocity is %9 cm s 21 and %7 cm s 21 in EXP-smoo-3 and EXP-smoo-1, respectively, but only %2 cm s 21 in EXP-smoo-2. In both wind-driven scenarios, the maximum onshore velocity is not found near the bottom, as classic, homogeneous Ekman Theory predicts. Rather, it is found at middepth (%30-40 m), consistent with the theoretical predictions of Lentz and Chapman [2004] for S aN=f close to unity (S % 1 in the estimates for the most strongly stratified cases observed in the TB, see Table 2 ). According to these authors, this middepth intensification of onshore flow is linked to the divergence of nonlinear cross-isobath momentum advection. Besides this mechanism, local acceleration or an along-isobath pressure gradient force can also produce onshore return flow.
The maximum onshore velocity is located at the narrowest part of the shelf in both wind-driven experiments (between along-shelf locations 4 and 5, see Figures 6a and 6b). At this location, the thermocline reaches its minimum depth and water as cold as 228C and 19.58C is found at the bottom in EXP-smoo-1 (wind-only) and EXP-smoo-3 (wind1BC), respectively. This difference in bottom temperature highlights the effect of the BC in modifying the upwelling source water temperature, causing colder branches of SACW to enter the shelf.
Another point worth stressing is the qualitative similarity between the sections of the cross-isobath velocity component in both wind-driven experiments ( Figure 6 ). The EXP-smoo-3 (wind1BC) section is very similar to the sum of the EXP-smoo-1 (wind-only) and EXP-smoo-2 (BC-only) sections. In fact, the normalized root mean square difference between the EXP-smoo-3 section and the sum of EXP-smoo-1 and EXP-smoo-2 sections is only 7.8%. This indicates that, at the shelfbreak, the total model cross-isobath circulation is almost a linear superposition of the individual effects of the wind and BC forcings. The cross-shelf temperature distributions further stress the depth-dependent character of the SACW intrusions within the TB. For both wind-driven scenarios, the three cross-shelf transects in Figure 7 show different regimes. The southernmost transect reflects the well-mixed character of the shelf and the offshore displacement of the coastal upwelling plume all the way to the shelf edge. The middle transect is located at the narrowest part of the shelf, where the maximum onshore velocity is found, and where the thermocline is shallowest. In this area, a mature coastal upwelling front is found %5-10 km away from the coast. The northernmost transect reveals a clear bottom-trapped temperature front, but no coastal upwelling plume. The intrusions in EXP-smoo-2 (BC-only) are also consistent with the interpretation suggested by the dye distributions. SACW does not reach the surface, and the uplift of the isotherms in the bottom-trapped temperature front is much gentler than in the wind-driven scenarios (Figure 7 , bottom plots).
Along-Isobath Momentum Balance
At this point we have presented evidence that SACW tends to enter the ESB shelf at preferential along-shelf locations. But what are the physical mechanisms involved? We begin to address this question by examining the momentum budget in the process-oriented numerical solutions. In this section, we write the momentum equations in an isobath-following coordinate system, using the procedure described in Gan et al. [2009] . In this new coordinate system,ŷ Ã (x Ã ) is the along-isobath (cross-
is positive equatorward (offshore). The rationale for using this transformed framework of reference is that it is a more convenient approach to the study of flows that deviate from geostrophy and transport mass across isobaths, breaking the Taylor-Proudman constraint. 
where u, v, and w are the cross-isobath, along-isobath, and vertical velocity components, respectively, f is the local inertial frequency, p is pressure, and A V (A H ) is the vertical (horizontal) turbulent viscosity coefficient. PGF yÃ
@g @yÃ is the total along-isobath pressure gradient force per unit mass, with g being the acceleration due to gravity, q the total density, and g the free-surface displacement. The alongisobath momentum balance relates directly to the cross-isobath circulation, and geostrophy was found to dominate the cross-isobath momentum balance in all experiments, as consistently supported by observational evidence for the subtidal mean flow on most continental shelves [e.g., Lentz and Chapman, 2004, and references therein] . For these reasons, only the along-isobath momentum balance is discussed here. In addition, due to the similarity between the wind1BC experiment (EXP-smoo-3) and the wind-only experiment (EXP-smoo-1), we restrict ourselves to comparing results from the wind-only (EXP-smoo-1) and BC-only (EXP-smoo-2) experiments. The PGF y* is surface-intensified in both EXP-smoo-1 (wind-only) and EXP-smoo-2 (BC-only), and tends to not change sign vertically. The EXP-smoo-2 scenario features a more clearly periodic pattern, with alternating areas of equatorward PGF y* (onshore geostrophic flow) and poleward PGF y* (offshore geostrophic flow). Finally, the amplitude of the PGF y* in EXP-smoo-1 is greater than the amplitude of the PGF y* in EXP-smoo-2 by a factor of %3. This ratio is similar to the ratio between onshore velocities across the shelfbreak (Figures 6a and 6c ). To close the momentum budget, it is helpful to examine the vertical structure of the terms in equation (1) and the part of the PGF y* that is left unbalanced by the Coriolis acceleration, i.e., AGEO yÃ 2 @p @yÃ 2fu. Figure  9 presents the vertically averaged terms within the surface Ekman layer (0-40 m), the geostrophic interior (40-60 m) and the bottom Ekman layer (60-70 m). The thickness of the Ekman layers was defined based on the vertical structure of the vertical friction term (VVIS y* , not shown).
Within the geostrophic interior, the ageostrophic pressure gradient force AGEO y* is approximately balanced by net nonlinear momentum advection NL y* in both the wind and BC-forced cases (Figures 9b and 9d) . Therefore, away from the Ekman layers, the simplified momentum balance is
Considering the wind-driven case, the combination of this result with the middepth position of the maximum onshore return flow (Figure 6a ) alludes to the dynamical regime predicted by Lentz and (Figures 9a and 9c) . The simplified momentum balance within the Ekman layers is then
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This leading-order balance has been found in other studies [e.g., Palma et al., 2008; Palma and Matano, 2009] within the bottom Ekman layer. It is interesting to note that the bottom Ekman layer in the BC-only case has a different balance (Figure 9e) , with relatively smaller Coriolis acceleration COR y* (consistent with the very small near-bottom cross-isobath velocities, Figure 6c ).
The picture that emerges from this model analysis is that of an energetic cross-isobath circulation at the shelf edge, consistent with the predictions of Clarke and Brink [1985] for the observed values of the slope Burger number ( Table 2 ). The PGF y* drives a geostrophic onshore flow, and next-order effects related to momentum advection and friction seem to be important in different parts of the water column. @g @yÃ Þ is the depth-averaged total pressure gradient force per unit mass in the along-isobath direction. We point out that equations (1) and (4) do not include curvature effects, which are addressed in section 6.2. Figure 10 shows the along-shelfbreak distribution of the terms in equation (4) for two of the processoriented experiments. It can be seen that there are areas of onshore flow (blue-shaded areas around point 2 and between points 3 and 5), and that the leading-order balance in EXP-smoo-1 (wind-only) is between the wind stress, the pressure gradient force and the Coriolis acceleration. In EXP-smoo-2 (BC-only), the water column is approximately in geostrophic balance. In both cases, momentum advection is the nextlargest term, and bottom stress is the smallest of the terms considered. The ratio s byÃ =s syÃ in the wind-only experiment is 0.12 or smaller, indicating that, along the shelfbreak, the offshore transport in the surface Ekman layer is %10 times larger than the onshore transport in the bottom Ekman layer.
Depth-Averaged Momentum Balance
Along-Shelfbreak Patterns
The most general scenario (EXP-smoo-3, wind and BC forcings, not shown) is essentially a linear superposition of EXP-smoo-1 and EXP-smoo-2, in that the leading-order depth-averaged balance is between the pressure gradient force, the Coriolis acceleration, the wind stress, and net momentum advection. Simplifying equation (4) using this result, and multiplying it through by H/f yields
This can be seen as a form of the parallel transport model [Csanady, 1982] . The physical content of equation (5) is that the net cross-isobath volume transport per unit length (in the along-isobath direction) is a balance between offshore surface Ekman transport and onshore geostrophic transport induced by the equatorward PGF y* throughout the water column (with a smaller contribution from momentum advection). This depthaveraged analysis confirms that the leading-order balance has a geostrophic component in all three forcing scenarios, especially in the BC-only case (EXP-smoo-2, Figure 10b) . Moreover, the previous conjectures on The realistic HYCOM simulation reveals encouraging similarities with the simplified ROMS experiments. Specifically, the time-mean, depth-averaged flow across the shelfbreak is partly in geostrophic balance, and is onshore at the same preferential intrusion locations suggested by the results presented previously (blueshaded areas in Figure 11 ). In the areas where the PGF yÃ is equatorward (i.e., preferential intrusion sites), its magnitude is % 223310 26 m s -2 . This magnitude is comparable to the values obtained in the simplified experiments ( Figure 10 ). The onshore velocities in the realistic experiment (simplified experiments) are typically 3-5 cm s 21 (1-4 cm s 21 ).
The net transport across the TB shelf in the realistic experiment (EXP-smoo-3 experiment) is 20.13 Sv (20.05 Sv). The difference is certainly in part due to the contribution of more energetic BC frontal eddies in the realistic experiment [see Arruda et al., 2013 for details], since the BC sought in the simplified experiments is meant to represent a hypothetical state of the current with minimum eddy kinetic energy, i.e., least mesoscale activity.
Horizontal Patterns
After having examined the momentum budget along the shelf edge, a relevant question is: Is the equatorward PGF y* also the primary forcing of the model intrusions inshore of the shelfbreak? To answer this, we examine the spatial distribution of the PGF y* and the along-isobath Coriolis acceleration in the simplified experiments.
The onshore depth-averaged flow extends over large areas of the shelf in both EXP-smoo-1 (wind-only) and EXP-smoo-2 (BC-only) cases (Figure 12 ). These areas are consistent with the preferential intrusion sites discussed previously. The equatorward PGF y* is partly balanced by the Coriolis acceleration, producing an onshore geostrophic flow. We also point out that the areas of onshore flow are roughly the same in both scenarios, once again suggesting that the effects of both forcings favor the SACW intrusions (Figures 12b  and 12d ), underneath the surface Ekman layer. Other studies have shown that preferential locations for offshore water intrusions and coastal upwelling may be associated with the combined effects of a western boundary current, upwelling-favorable winds and shelf geometry. Specifically, Palma and Matano [2009] show that a large area of geostrophically balanced equatorward PGF y* forms in their numerical experiments in the South Brazil Bight area (228S-28.58S), producing onshore flow. At the south end of this region, Campos et al. [2013] show that the combination of intermittent upwelling-favorable winds and the BC-related PGF y* is a plausible explanation for the observed prevalence of coastal upwelling off a particular location around Cape Santa Marta (28.58S). In addition, the cape geometry has an important local effect in producing vertical transport through flow-topography interaction mechanisms [Mazzini and Barth, 2013] . The ESB area also features dramatic along-shelf changes in shelf geometry and coastline orientation, which have been shown to be important at smaller scales by Mazzini and Barth [2013] . The present study suggests conclusions consistent with this perspective, as both the wind and the BC forcings add up to produce onshore motion at the preferential locations indicated by the blue arrows in Figure 12 .
Possible Causes of the Along-Isobath Pressure Gradients
The results presented in the previous section show that the key driver of SACW intrusions in the TB is ultimately the equatorward PGF y* produced by the interactions of the wind-driven flow with the along-shelf changes in shelf topography and coastline geometry. One of the effects related to along-shelf topographic variability is that onshore transport during upwelling is expected to be enhanced in regions where the shelf narrows in the direction of long Coastal Trapped Wave (CTW) propagation [Pringle, 2002] . Since the downwave direction here is equatorward, the narrowing of the shelf northward of %228S is expected to enhance onshore transport within the TB. Conversely, the sharp downwave widening of the shelf northward of %19.58S is expected to inhibit onshore transport north of the TB (Figure 1a ). Additional PGF y* -related effects are the steering of the cross-isobath flow associated with wind-driven upwelling by the along-shelf varying bottom topography and steady lee wave-like circulation locked to abrupt topographic features. At larger scales, Arrested Topographic Wave physics (discussed in detail in section 6.4) may be important in spreading pressure gradients produced by other mechanisms.
Although it is beyond the scope of this study, we find that some of the mechanisms described above could also be rationalized in terms of potential vorticity conservation arguments. For example, the interplay between bottom friction torque and nonlinear vorticity advection discussed by Liu and Gan [2014] could be important near promontory-like features as in the north end of the TB (Figure 1a) . On the other hand, within the TB itself (where the shelf is essentially straight) nonlinear effects are expected to be weaker, and therefore the linear potential vorticity analysis of Pringle [2002] or the dynamics dominated mostly by bottom friction torque described in Gan et al. [2013] are expected to be more applicable to this region.
Deep-Ocean Forcing Mechanisms
In this section, we attempt to isolate some of the deep-ocean physical processes involved in the SACW intrusions. We begin by quantifying the change in the upwelling source water caused by the thermal wind signal of the BC. Next, we investigate the shelf encroaching of the BC by inertial overshooting and the 
Pycnocline Uplifting Linked to the Brazil Current Mean Jet
Perhaps the simplest mechanism through which a boundary current can influence coastal and shelfbreak upwelling is by changing the properties of the water available at the shelf edge. This is a consequence of the fact that the current is in thermal wind balance, and therefore the pycnocline has to be either deeper or shallower (the present case) relative to its depth in the Sverdrup interior.
We quantified the change in the upwelling source water induced by the BC uplifting by comparing the minimum SST histories on the TB shelf in the simplified model experiments. Figure 13 shows that both winddriven scenarios undergo a spin-up phase and attain a quasi-steady minimum shelf SST. In EXP-smoo-3 (wind1BC), however, the minimum SST is %1.48C lower than in EXP-smoo-1 (wind-only). But is the upwelling source water colder in the wind1BC case because the isotherms are uplifted or just because the BC induces additional onshore transport by e.g., an enhanced equatorward PGF y* along the shelf edge? As discussed in section 5.2.1, the depth-averaged momentum balance along the shelf edge in the wind1BC case is very similar to that in the wind-only case. Specifically, in both cases the maximum equatorward PGF y* is % 2310 26 m s 22 and the maximum onshore velocities are %3 cm s 21 (not shown). We therefore argue that the change in SST is mostly a consequence of the availability of colder water at the shelf edge due to the presence of the BC there.
Shelf Encroaching of the Brazil Current by Inertial Overshooting
When flow in exact geostrophic balance encounters a change in bottom topography, its ability to continue to follow isobaths depends on its amount of inertia. As it flows along the ESB shelfbreak, the BC is expected to locally overshoot it in some areas, thereby advecting SACW and TW onto the outer part of the continental shelf.
This effect is expected to be more important where the curvature R 21 of the isobaths is large enough to cause the centrifugal acceleration V 2 =R experienced by a water parcel moving with an along-isobath velocity V to become comparable to the Coriolis acceleration fV. The ratio 
can therefore be defined to measure the contribution of curvature effects. Figure 14 shows Ro curv along the 100 m isobath in EXP-smoo-2 as a function of latitude. The mean (maximum) value of Ro curv is 0.02 (0.18), and the local maxima coincide with the areas of maximum isobath curvature. Away from the maxima, Ro curv is everywhere smaller than 0.05. The smallness of Ro curv reflects the relatively weak mean along-isobath flow in EXP-smoo-2, which is everywhere slower than 26 cm s 21 . If a synoptic along-isobath velocity of 0.6 m s 21 is considered instead (as observed during e.g., the OCT12 survey, not shown), the mean (maximum) Ro curv increases to 0.10 (0.50). Curvature effects are hence more relevant in the south and north ends of the TB (larger curvature), especially when the incoming BC jet is more energetic.
Areas of high relative vorticity f clearly exist along the TB shelf edge, and a convenient measure of the relative importance of the total (curvature 1 shear) nonlinear effects is given by the quantity Ro5jf=f j ( Figure  15 ). The time-mean realistic model field indicates typical (maximum) values of Ro of %0.3 (%0.5), spreading over the TB slope and shelf edge. Therefore it seems that it is horizontal shear effects (rather than the more localized and episodic curvature effects) that account for the bulk of the nonlinearities at the shelf edge in a time-mean sense. It must be stressed, however, that this BC-induced effect is confined to the shelf edge area, and is not directly related to the circulation on the interior of the shelf.
The Kuroshio is perhaps one of the best documented examples of the inertial overshooting process [e.g., Hsueh et al., 1996; V elez-Belch ı et al., 2013] , with Ro % 0:5 [e.g., Brink, 1998 ]. The size of Ro estimated in the present analyses therefore predicts shelf encroaching to be locally important along the TB shelf edge. Moreover, the local SACW intrusions associated with this process are expected to facilitate further onshore geostrophic transport by the equatorward PGF yÃ . For example, off southeast Australia, encroaching of the East Australian Current (EAC) has been shown to occasionally precondition the shelf stratification with colder offshore water, which may in turn reach the coast under the influence of persistent upwelling-favorable winds. This interaction has been shown to cause more intense coastal upwelling events than without encroaching or other upwelling-favorable EAC-related processes [e.g., Gibbs et al., 1998; Roughan and Middleton, 2002; Schaeffer et al., 2013] . Events where the BC is more energetic are thus probably associated with stronger shelf encroaching, and therefore more significant preconditioning of the shelf to wind-driven upwelling. 
Meridional Pressure Gradient Induced by the Planetary b-Effect
Although safely neglected in models of coastal circulation where the f-plane approximation is valid, the planetary b-effect is perhaps an overlooked mechanism in the context of shelfbreak upwelling. In the following, we examine the meridional (i.e., along-shelf) pressure gradient force PGF b y induced by the planetary b-effect. We employ a single-layer reduced gravity model (Figure 16 ) as in Charney [1955] . The dynamically active (upper) layer is assumed to be in geostrophic balance, i.e.,
where f is the Coriolis parameter, v is the along-shelf velocity, h is the upper layer thickness, and g 0 gðq 2 2 q 1 Þ=q 2 is a reduced gravity based on the total acceleration due to gravity g and the densities of the upper (q 1 ) and lower (q 2 ) layers. The subscript x indicates partial differentiation in the cross-shelf direction. Multiplying equation (7) by h and integrating from the shelf edge (x 5 x c ) to the offshore limit of the western boundary layer (
The left-hand side of equation (8) is the total along-shelf volume transport Q in the upper layer. Manipulating the right-hand side using the product rule yields
or, in terms of the thermocline depths at the outer limit of the BC (h o ) and at the shelf edge (h c ),
Equation (10) establishes a relationship between the along-shelf transport of the BC and how much it uplifts the thermocline in the cross-shelf direction. We may now seek a crude estimate of the along-shelf pressure gradient force at the shelf edge (PGF b y ) caused in response to this effect. We assume that the BC jet (11) that is, the thermocline is predicted to be %8 m shallower in the north end of the TB shelf, which is consistent with the existence of a northward PGF b y
and an onshore geostrophic flow across the shelf edge. We may use equation (11) 
This mechanism is therefore predicted to drive an onshore depth-averaged geostrophic velocity PGF b y =f of % 21 cm s 21 , which is smaller than the typical time-mean, depth-averaged onshore cross-isobath velocities found in the realistic numerical experiment (%25 cm s 21 , Figure 11 ). However, it should be pointed out that this is a permanent background forcing acting along the shelf edge.
Onshore Penetration of the Brazil Current Pressure Gradients
In section 5, the bulk of the onshore transport in the BC-only case was ascribed to a shelf-wide, geostrophically balanced, periodic pressure gradient force in the along-isobath direction. In this section, we investigate the cross-shelf penetration scales of the BC pressure gradients using a simple Arrested Topographic Wave (ATW) model.
The Analytical Model
We consider the idealized domain of a continental shelf in the southern hemisphere that is infinite in the meridional direction, with a solid coastal boundary at x 5 0. A steady western boundary current flows poleward along the shelf edge, which is placed at x 5 L. The current has a periodic structure with wavelength 2p =l in the along-shelf direction. No wind forcing is prescribed.
Under the long-wave [e.g., Gill and Schumann, 1974] and f-plane approximations, the depth-averaged equations of motion in the steady, linear, and barotropic limits are [e.g., Csanady, 1978] :
ðuhÞ x 1ðvhÞ y 50;
where p is the depth-averaged pressure, u and v are the cross and along-shelf depth-averaged velocities, f is the Coriolis parameter, q 5 1025 kg m 23 is density, r is a linear bottom resistance coefficient, and h is depth. A linear cross-shelf depth profile of the form h5h 0 1sx is chosen, with h 0 50 m and s > 0. Subscripts with respect to the independent variables (x,y) indicate partial differentiation.
Equations (13), (14), and (15) may be combined into a single parabolic partial differential equation for pressure, i.e., Figure 16 . Schematic representation of a single-layer reduced gravity model for the BC. x, y, and z represent the cross-shelf, along-shelf, and vertical coordinate axes, respectively. h(x) represents the thickness of the upper layer, and q 1 and q 2 represent the densities of the upper and lower layers, respectively. The shape of the layer interface at south (h south ) and north (h north ) locations and the associated equatorward pressure gradient force (PGF y ) are schematically depicted. 
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As wind forcing is not included here, the boundary condition of no cross-shelf flow at the coast (uh 5 0 at x 5 0) that follows from equations (13) and (14) is
The boundary condition at the shelf edge (x 5 L) is chosen to approximate the sinusoidal shape of the pressure field obtained in the numerical solutions ( Figure 17 ):
where a and l are the amplitude and along-shelf wavenumber of the pressure field, respectively.
Since we are only concerned with the onshore penetration of a prescribed sinusoidal field along the shelf edge, we neglect the boundary condition in theŷ direction. Defining k 2r=fs, the problem becomes (21) in the domain 0 < x < L; 21 < y < 11. The solution is (see Appendix A for details): 
with z ð11iÞ; z ð12iÞ and q ffiffiffiffiffiffiffiffiffiffiffiffi ffi l=ð2kÞ p 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 2lfs=ð2rÞ p . We note that the e-folding scale of p in the cross-shelf direction (the real quantity L p q 21 ) does not depend on the amplitude a of the forcing. The distance L p scales the onshore extent of deep-ocean influence in the case of periodic forcing at the shelf edge. This result is analogous to that of the periodic along-shelf wind stress ATW problem, where l represents the along-shelf wavenumber of the along-shelf component of the wind stress [Csanady, 1978; Winant, 1979] . Figure 12 for an example of the shelf-wide spreading of the periodic along-isobath pressure gradient force) and the approximate geometry of the TB shelf. The meridional shelf length is L y 214 km (representative of the TB shelf), and the choice of pressure amplitude a corresponds to a reference amplitude of the numerical pressure gradient force (6:9310 27 m s 22 ). The along-shelf wave number l53p=L y m 21 is set so as to simulate the numerical shelf edge pressure field (Figure 17 ). The linear drag coefficient r is picked from a range that has been found to agree well with observations [e.g., Pringle, 2002] . The predicted crossshore scale of deep-ocean influence associated with these parameters is L p 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 22r=ðlfsÞ p 5 10 km. For reference, the internal Rossby radius of deformation at the 70 m isobath is L d 5NH=f 518 km, using a mean N value for the TB shelf (Table 2) .
Comparison With Primitive-Equation Numerical Solutions
We compare the analytical and numerical solutions in terms of the cross-shelf penetration scales. Figure  18a shows an example of cross-shelf profile of depth-averaged cross-isobath velocity (u), and the associated exponential fit. For a bulk comparison, we averaged all of the fit e-folding scales for ten cross-shelf lines within the TB to obtain a mean value and a standard deviation for each BC flow amplitude. Figure 18b shows that L p has a general increasing dependence on the forcing amplitude, meaning that a stronger incoming BC flow tends to penetrate farther onshore. Evidently, the nonconstancy of the numerical penetration scales is partly attributable to the complexity of the primitive-equation model.
Another important source of disagreement is that the numerical solutions use a quadratic bottom stress parameterization, meaning that the equivalent of the linear bottom friction parameter r is the quantity C D U bot , where C D is a unitless quadratic bottom friction parameter (set to 3:0310 23 in the numerical solutions) and U bot is the near-bottom velocity magnitude. Physically, this means that the predicted onshore penetration scale becomes a function of the forcing amplitude (i.e., the BC core velocity). This new penetration scale is thus 
meaning that the onshore extent of deep-ocean influence over the shelf increases with the square root of U bot . Assuming for simplicity that a change dU in the BC core velocity produces a change dU in U bot , we use equation (23) . This change is relative to the first numerical solution (BC core velocity of 20 cm s 21 ). We compare the result with the e-folding scales estimated from the numerical solutions and with the original ATW penetration scale L p (Figure 18b ).
The agreement between the numerical solutions and the theoretical predictions for the onshore penetration scales suggests that the ATW model is a plausible rationalization of the steady response of the coastal circulation to the sinusoidal BC forcing. The use of quadratic bottom stress accounts for some of the increase in the onshore penetration scale, improving the agreement between the analytical predictions and the numerical primitive-equation solutions. The weak (%0.2-1.0 cm s 21 ), shelf-wide cross-isobath ATW circulation could account for part of the onshore transport of cold, nutrient-rich SACW all the way across the shelf, provided that other physical processes have already transported it across the shelfbreak (e.g., inertial overshooting of the BC). This process could therefore be an additional supporting mechanism to the more energetic wind-driven cross-shelf circulation of SACW in the TB.
Summary and Conclusions
The goal of the present study is to investigate the intrusion pathways and the associated physical mechanisms involved in the intrusions of South Atlantic Central Water (SACW) on the Esp ırito Santo Basin (ESB) shelf, with emphasis on the Tubarão Bight (TB) area. We employ a combination of process-oriented numerical experiments, an analysis of available observations, and simple analytical and conceptual models to examine the effects of bottom topography, wind forcing and the Brazil current (BC). A schematic overview of our findings is presented in Figure 19 .
The regional picture that emerges from this study is that of a scale-dependent cross-shelf coastal circulation, which is wind-driven at leading order, but modulated by deep-ocean processes at next order. SACW appears to enter the model shelf through preferential pathways which coincide with along-shelf locations where a geostrophically balanced equatorward (i.e., intrusion-favorable) along-isobath pressure gradient force (PGF yÃ ) exists, as consistently suggested by the simplified and realistic numerical experiments. The geostrophic balance in the along-isobath direction is modified mostly by momentum advection at middepth and mostly by friction within the bottom Ekman layer. Both wind and BC-forced scenarios are found to produce an equatorward PGF yÃ . However, the BC-induced PGF yÃ is about half as intense as its windinduced counterpart (which is % 2310 26 m s 22 ), and has a periodic along-shelf pattern, alternating areas of onshore and offshore geostrophic flow. The net effect is an equatorward PGF yÃ throughout most of the TB, with local maxima at the preferential intrusion sites.
Typical magnitudes of the model time-mean, depth-averaged onshore velocities are 1-5 cm s 21 . The dominance of the model onshore geostrophic flow extends beyond the shelf edge area, apparently contributing to the SACW transport also on the shelf proper. Estimates of the slope Burger number S from the five available quasi-synoptic data sets yield values between 0.32 and 0.92. The vertical structure of the model onshore velocity at the shelf edge is consistent with theoretical predictions for S $ Oð1Þ, suggesting the interpretation that the cross-isobath velocity structure in the TB is modulated by the intensity of the SACW intrusions.
Wind forcing alone is both required and sufficient to reproduce the main features of coastal upwelling in the TB. Among the next-order effects, the uplifting of the thermocline by the BC results in the outcropping of water about 1.48C colder under steady, upwelling-favorable wind forcing (compared to a flat stratification, BCfree scenario). The BC also affects the SACW intrusions by inertially overshooting the shelf edge, consistent with what is expected for the estimated Rossby numbers of about 0.3-0.5 along the shelf edge. In addition, the planetary b-effect is also predicted to account for a background equatorward PGF yÃ , with magnitude comparable to that of the sinusoidal PGF yÃ in the BC-only process-oriented experiments (% 6310 27 m s
22
).
The effects of the BC in remotely setting up a shelf-wide PGF yÃ are examined in the framework of a modified Arrested Topographic Wave (ATW) model. The onshore penetration scales of the time-mean sinusoidal PGF yÃ found along the shelf edge in the experiments forced only by the BC are roughly predicted by the ATW crossshelf e-folding scale L p 5 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 22r=ðlfsÞ p 5 10 km, where r is a linear bottom resistance parameter, l is the alongshelf wavenumber of the forcing at the shelf edge, f is the Coriolis parameter, and s is the bottom slope. Moreover, a modified form of this scale that uses a quadratic bottom stress parameterization (as prescribed in the numerical experiments) seems to account for some of the increase in the numerical penetration scale with the BC amplitude. This quadratic onshore penetration scale is L
, where C D is a quadratic bottom friction parameter and U bot is the near-bottom velocity magnitude. The kind of steady response to periodic deep-ocean forcing examined here may provide insight into other continental shelves under the influence of boundary currents or other deep-ocean low-frequency pressure forcings.
In closing, it should be stressed that it was not our intention to accurately represent the coastal and deepocean circulation in the ESB, nor to develop a detailed understanding of all the physical processes involved in the problem. Therefore, many open questions remain. Future work should be aimed at the effects on SACW intrusions of coastal trapped waves, internal waves, and the energetic mesoscale eddy field associated with the BC, among other processes. From an observational viewpoint, additional and better-resolved quasi-synoptic and moored observations on the middle shelf and shelf edge areas would allow for experimental testing of the model predictions discussed in the present study. 
